Tantalum anodic oxide film was prepared in citric acid solution of various concentrations and the prepared Ta anodic oxide film was characterized by various electrochemical techniques and X-ray photoelectron spectroscopy (XPS). The prepared Ta anodic oxide film showed typical n-type semiconducting properties and the dielectric properties were strongly dependent on the citric acid concentration. The variation of electrochemical and electronic properties was explained in terms of electrolyte anion incorporation into the anodic oxide film, which was supported by XPS measurements.
Introduction
The conventional gate oxide materials based on SiO 2 have reached their physical limitations in terms of scaling down for the needs of microelectronics, because of the SiO 2 (ε = 3.9) film with the thickness less than 3 nm shows leakage currents due to the direct tunneling.
1) A practical approach to overcome this problem is to use high dielectric materials such as metal oxide with thicker films with capacitance similar to SiO 2 layers.
Tantalum pentoxide (Ta 2 O 5 ) is one of the best candidates for a high performance dielectric material to be used in various electronic devices [2] [3] [4] [5] [6] [7] [8] because of its superior electronic properties such as high dielectric constant (amorphous: 29.2~29.5
2) and crystalline: 45.6~51.7
2) ), low dielectric loss and low leakage current as well as good chemical and thermal stabilities. Various methods have been developed to produce Ta 2 O 5 thin film. Atomic layer deposition (ALD) enables one to control the thin film thickness very precisely and grow films with uniform thickness and free of impurities even on profiled substrates. [9] [10] [11] [12] Photoinduced chemical vapor deposition has received much attention since it operates at low temperature, which minimizes problems such as atomic diffusion, dopant redistribution, and defect generation caused by higher temperature and also the processed surface is not subject to the damaging ionic bombardment, which is inevitable in plasma assisted methods. 13, 14) Ion beam sputtering deposition (IBSD) is an atom-by-atom (or molecule-by-molecule) transport process of high energy materials in a relatively cold and high vacuum environment, resulting in a film with a high packing density and low optical scattering.
164
Young-ho Kim and Kohei Uosaki simultaneous movements of oxygen and tantalum ions through the oxide layer and this electrochemical procedure is very promising for economical preparation of Ta 2 O 5 .
Since both oxygen and Ta ions can be moved, the oxide growth may take place at two, i.e., Ta|oxide and oxide|electrolyte, interfaces and the prepared Ta oxide may consist of two layers of the different structures and properties. The inner layer should be composed of relatively pure oxide while the outer layer contains anion contaminants from the electrolyte. In an early study, Randall et al. proved the movements of tantalum ion to form outer oxide layer with electrolyte incorporation and oxygen to grow inner oxide layer by a radioactive tracer technique.
17)
The properties of the outer oxide layer should be strongly affected by the electrolyte and its concentration because the electrolyte is incorporated into the outer oxide layer. It was reported that phosphoric acid is readily incorporated and the dielectric and ionic conduction properties of the outer layer of the anodic film is affected more strongly by incorporated phosphate anion than incorporated sulphate anion. [18] [19] [20] We have shown that nanosized patterns of tantalum oxide can be grown by applying a bias between a tip of current sensing AFM and Ta surface in an ambient condition based on electrochemical mechanism.
21)
In this paper, tantalum anodic oxide film was grown in citric acid solution and the characterization of the prepared Ta anodic oxide film by various electrochemical techniques and X-ray photoelectron spectroscopy (XPS) proved the incorporation of citrate anion during the anodic oxide growth. The prepared Ta anodic oxide film showed typical n-type semiconducting properties and the dielectric properties were found to be strongly affected by the citric acid concentration.
Experimental
Tantalum anodic oxide film was grown on tantalum foil. Prior to electrochemical anodization, tantalum foil was mechanically polished with diamond slurries of 1, 0.5, 0.25, and 0.125 mm sequentially, degreased with dichloromethane overnight and then rinsed with Milli-Q water (Millipore, 18 MW·cm and AC impedance measurement were carried out in the same solution. After the electrochemical measurements at 2 V were completed, anodization and the electrochemical characterizations were carried out at 4 V in the same manner as at 2 V. These steps were repeated every 2 V until the applied potential of 10 V was reached.
Finally, obtained Ta anodic films were examined by XPS (Rigaku XPS 7000) with Mg-Kα X-ray source (1253.6 eV). All the binding energy was calibrated with a C1s peak at 285.0 eV. Depth profiling was performed by Ar + ion sputtering with current density of 1000 mA/cm 2 and acceleration voltage of 500 V. With these Ar + ion sputtering parameters, etching rate was estimated to be 0.41 nm/s. The thickness of the oxide layer was determined by spectroscopic ellipsometry (GESP-5, SOPRA) using a 30 W Xe lamp as a light source. Figure 1 shows a typical cyclic voltammogram of the tantalum anodic oxide film prepared at 10 V in a 0.1 M citric acid solution. While cathodic current due to hydrogen evolution flew in negative potential region and became significant at ca. −0.5 V, no evident current was observed in the positive potential region, showing that the tantalum anodic oxide film is an n-type semiconductor.
Results and Discussion
22) The anodic current peak observed around −0.75 V should be due to the oxidation of hydrogen. Figure 2 shows Cole-Cole plots of the Ta anodic oxide, which was prepared at the preparation potential of 10 V in 0.1 M citric acid aqueous solution, measured −0.85, −0.60, 0.0, and +1.50 V. AC impedance measurements also showed n-type semiconducting property, supporting the result of the cyclic voltammetry. While the perpendicular lines were observed at the positive potential region due to the high resistance of the oxide film, well-defined semicircles at −0.60 and -0.85 V were appeared, respectively, and these semicircles were attributed to the hydrogen evolution reaction. It was reported that the thin layers (less than 15 nm) of tantalum anodic oxide are supposed to behave as an n-type semiconductor with oxygen vacancies acting as donor sites but the thicker films act as an insulator. citric acid aqueous solution at the preparation potential of 10 V in C1s, O1s, and Ta4f regions, respectively, after Ar + ion sputtering of 0~50 s. Fig.  3(a) shows that even after 20 s Ar + ion sputtering, the C1s peak is still apparent, although its intensity is very weak. While the C1s peak before Ar + ion sputtering is attributable to the surface organic contaminants, the weak C1s peak with smaller binding energy after the sputtering should be due to citrate anion incorporated into the anodic oxide film during electrochemical anodization. Peak intensity of O1s signal decreased gradually as sputtering time increased as shown in Fig. 3(b) . There are two possibilities for this decrease. One is the decrease of oxygen content, i.e., increase of oxygen deficiency, in deeper region of tantalum anodic oxide film and the other is the reduction of tantalum oxide by Ar + ion sputtering. The reduction of tantalum oxide is clearly seen in the depth dependent XP spectra in Ta4f region as shown in Fig. 3(c) . While only strong Ta 5+ doublet peaks were observed at the as-grown tantalum oxide without sputtering, showing the oxide was essentially Ta 2 O 5 , the intensities of the doublet peaks due to Ta 5+ became very weak even just after 10 s sputtering and further decreased with sputtering time. On the other hand, those due to metallic Ta (Ta 0 ) grew with sputtering time. Figure 3(d) shows XP spectrum of the Ta anodic film in Ta4f region after 50s Ar + ion sputtering with deconvolution. For the deconvolution, the spin-orbit doublet separation of 1.9 eV, the full width at halfmaximum (FWHM) value of 1.35 eV, and the intensity ratio (Ta4f 7/2 /Ta4f 5/2 ) of 4/3 were used in all peak assignments.
23) The Ta4f deconvoluted XPS spectrum was divided into four kinds of tantalum doublet peaks. The peaks at the binding energies of 21.5 eV and 26.1 eV were assigned as Ta 0 7/2 and Ta 5+ 7/2 , respectively. The peaks at the binding energies of 22.9 eV and 24.9 eV indicate the existence of sub-oxide states and were denoted as ox1 and ox2, respectively, which may be TaO and TaO 2 , respectively, 23) although the origin of these sub-oxide states is rather ambiguous because these sub-oxide peaks possibly came from the native oxide layer and/or from the reduction process of Ta 2 O 5 by Ar + ion sputtering. It is generally believed that the sub-oxide acts as donor sites in the tantalum anodic oxide, which should be the origin of n-type semiconducting property of the Ta anodic oxide thin film, 23) and the different oxidation states can be caused by the oxidation conditions.
24)
XPS results suggest the incorporation of citrate anion into the anodic oxide layer. It is practically well known that anion is readily incorporated into Ta anodic oxide and it is suggested that incorporated anions behave as defect sites in the oxide phase, resulting in alteration of dielectric properties of anodic film from the pure Ta oxide layer.
17-19)
Recently, Di Franco et al. reported the nitrogen incorporation into anodic Ta 2 O 5 layer from a bath containing ammonium ions.
25) Thus, it is expected that the electronic properties of the anodic Ta 2 O 5 film must be affected by anion incorporation, which might be dependent on the electrolyte concentrations. To clarify the effect of citrate anions included in the Ta anodic oxide film, AC impedance measurements were carried out at the Ta anodic oxide films prepared in 0.01, 0.05, 0.1, and 0.2 M citric acid solutions.
One of the most important features of AC impedance study was the frequency dispersion. Different to the crystalline semiconductors, in case of amorphous metal oxide films, frequency dispersion is normally expected owing to the influence of the ionized states to space charge capacitance. For that reason, the AC impedance measurement is dependent not only to the potential distribution but also to the density of states (DOS) distribution of local states in the anodic film because of the deep levels act as charge storage in the forbidden band. Lu et al. explained this frequency dependence of Ta anodic oxide as constant phase element (CPE) caused by the inhomogeneous composition owing to the phosphate ion incorporation.
26) Surface roughness, inhomogeneous composition, and reaction rate variation depending on the plane orientation are the major contribution to CPE. [27] [28] [29] Fig. 4 shows imaginary part of admittance as a function of angular frequency, ω (= 2πf), in the frequency range of 1 Hz~1 kHz.
To explain frequency dispersion behavior of Ta anodic oxide, we considered the existence of electronic states due to defect sites below the conduction band in space charge layer of amorphous anodic oxide on tantalum.
30) Since a finite response time is needed for the electron capture and emission reaction between the conduction band and the localized states, the local states cannot contribute to the capacitance as a charge storage if the frequency of the imposed AC signal is faster than the relaxation time. Because each discrete local state has different relaxation time, which depends on the energy difference between the conduction band and the given local state, and, therefore, the total capacitance is a function of the applied AC frequency. Based on the above model with an equivalent circuit shown as inset of Fig. 4 , the imaginary part of the admittance, B, can be given by: (1) where ω is the angular frequency, C SC is the space charge capacitance, and C i and τ are the capacitance and time constant of other charge accumulation components parallel to the space charge layer, i.e., local states.
31) The second term in the right hand side of Eq. (1) becomes constant at high frequency region and the space charge capacitance can be obtained from the slope of the linear portion of the B-ω plot (Fig. 4) . In many semiconductor electrodes, the double layer capacitance can be neglected because it is normally in the range of 10-40 µF/cm 2 and is much larger than the space charge capacitance. Figure 5 shows the relations between the differential capacitance and the applied potential of Ta anodic oxide films grown on tantalum foils at various preparation potentials (2, 4, 6, 8, 10 V, vs. Ag/AgCl) in citric acid solutions of (a) 0.01, (b) 0.05, (c) 0.1, and (d) 0.2 M obtained from impedance analyses. In all the cases, the interfacial capacitance increased as potential became more negative than ca. 0 V and is almost constant in more positive potential region. This behavior can be explained by using the following equation, which applicable to a parallel-plate capacitor. (2) where ε is the dielectric constant of the material between the plates, ε 0 is the permittivity of the free space, A is the area, and d is the thickness between the plates. As the thickness of a capacitor is decreased, the capacitance is increased. Likewise, by treating the space charge layer of a semiconductor as a parallel plate capacitor, the space charge capacitance of a semiconductor should be closely related to the thickness of the space charge layer.
The energy diagrams of Ta/Ta 2 O 5 /electrolyte interface at (a) the flat band potential, (b) small reverse bias where the space charge layer thickness is less than the oxide thickness, and (c) large reverse bias where the space charge layer thickness becomes equal to the oxide thickness are schematically shown in Fig. 6 together with typical Mott-Schottky plot, i.e., the relation between C SC −2 and potential. When the applied potential is made positive from the flat band potential, the thickness of the space charge layer increases and, therefore, the capacitance decreases ( Fig. 6(b) , c.f. Eq. (2)). When potential is made more positive, the thickness of the space charge layer increases further and finally becomes equal to the thickness of the anodic oxide film (Fig. 6(c) ) and the capacitance is reached to its minimum value. Since the thickness of the space charge layer cannot exceed the thickness of the oxide film and, therefore, does not increase further even if more positive potential is applied, the capacitance remains constant in more positive potential region (Fig. 6(c) ).
The higher the citric acid concentration, the higher the interfacial capacitances including the constant capacitance in positive potential region at the tantalum anodic oxide films regardless of the preparation potentials as shown in Fig. 7 where the interfacial capacitances of the tantalum anodic oxide films prepared at various potentials were plotted against citric acid concentration. This result suggests that the effective dielectric constant is affected by the electrolyte concentration. Li et al. reported that the dielectric constant of oxide is affected by the amount of anion incorporated into the anodic oxide film.
32) It is reasonable to consider that the amount of anion incorporated into the anodic oxide film is higher as the electrolyte concentration is increased. As a result, the ionic species in the oxide film would increase the DOS of the local states, which in turn influence the differential capacitance. The possible reason why the interfacial capacitance against citric acid concentration plot is deviated from the linearity at higher concentration is that the amount of incorporated citrate anion is not linearly dependent on the citric acid concentration.
The concentration dependent dielectric constant can be calculated using Eq. (2). The thickness of the Ta anodic oxide is known to be linearly related to the preparation potential 33) and that of the Ta anodic oxide prepared at 10 V in citric acid solution is determined to be ca. 22 nm by ellipsometry regardless of citric acid concentration. Thus, the thickness of the Ta anodic oxide prepared at any potential in this study was estimated by using the value of 2.2 nm/V. The dielectric constants of the oxide films prepared in citric acid solutions of various concentrations were calculated using the e s t i m a t e d t hi c k ne s s e s a n d t h e va l ue s of ε 0 = 8.85 × 10 −12 F/m and A = 0.283 cm 2 and are shown in Table 1 . It is clear that the dielectric constant of the anodic oxide film increases as the concentration of citric acid solution increases, supporting the above discussions.
Conclusions
Tantalum anodic oxide film was grown in citric acid solutions of various concentrations. Cyclic voltammogram of the Ta anodic oxide film showed cathodic current due to hydrogen evolution, which became significant at potentials more negative than ca. −0.5 V but no evident anodic current in positive potential region, which are the typical characteristics of n-type semiconductor electrode. Impedance analyses confirmed that the prepared Ta anodic oxide film behaved as n-type semiconductor.
The tantalum anodic oxide film showed strong frequency dispersion in the measured frequency range. It was attributed to the existence of electronic states due to defect sites below the conduction band in the space charge layer. Differential capacitance showed very strong dependence to the citric acid electrolyte concentration as more citrate anions were incorporated into tantalum anodic oxide film prepared in more concentrated electrolyte solution, suggesting that the incorporated citrate anions induce the local states in the forbidden band, which act as charge reservoir. Incorporation of citrate anion during the anodic oxide growth was proved by XPS. 
